D
iseases with clonal hematopoiesis such as myelodysplastic syndrome and acute myeloid leukemia have high rates of relapse. Only a small subset of acute myeloid leukemia patients are cured with chemotherapy alone. Relapse in these diseases occurs at least in part due to the failure to eradicate leukemic stem cells or hematopoietic stem cells in myelodysplastic syndrome. CD123, the alpha chain of the interleukin-3 receptor heterodimer, is expressed on the majority of leukemic stem cells and myelodysplastic syndrome hematopoietic stem cells and in 80% of acute myeloid leukemia. Here, we report indiscriminate killing of CD123 + normal and acute myeloid leukemia / myelodysplastic syndrome cells by SL-401, a diphtheria toxin interleukin-3 fusion protein. SL-401 induced cytotoxicity of CD123 + primary cells/blasts from acute myeloid leukemia and myelodysplastic syndrome patients but not CD123 -lymphoid cells. Importantly, SL-401 was highly active even in cells expressing low levels of CD123, with minimal effect on modulation of the CD123 target in acute myeloid leukemia. SL-401 significantly prolonged survival of leukemic mice in acute myeloid leukemia patient-derived xenograft mouse models. In addition to primary samples, studies on normal cord blood and healthy marrow show that SL-401 has activity against normal hematopoietic progenitors. These findings indicate potential use of SL-401 as a "bridge-to-transplant" before allogeneic hematopoietic cell transplantation in acute myeloid leukemia / myelodysplastic syndrome patients.
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Patients with MDS who are refractory to hypomethylating agents also have very limited therapeutic options.
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CD33 is a widely expressed myeloid marker present on the majority of AML cells, and CD33-targeted immunotherapies have shown promising results. 8, 9 However, LSC of immature AML lack CD33 expression and are not eliminated by CD33 targeted agents. 8 CD123 is the a chain of the interleukin-3-receptor (IL-3R) heterodimer that has affinity and specificity for interleukin-3 (IL-3). 10 LSC are known to express CD123 11, 12 and several efforts to target CD123 to eradicate these cells have emerged. [13] [14] [15] [16] [17] [18] To date, however, each of these agents exhibited shortcomings that limited their development. While a prototype monoclonal antibody against CD123 showed no promising response in AML, new clones of antibodies/single chain fragment variable (ScFv) are currently under investigation for antibody-drug conjugates (ADC) and antibody-dependent cellular cytotoxicity (ADCC) functions. [13] [14] [15] CD123 targeted chimeric antigen receptor T cells (CART cells) are now being evaluated in early phase clinical trials and fatalities from cytokine release syndrome in patients receiving CD123-CART therapy were reported as of this writing. Recently, preclinical effects of a dual affinity retargeting (DART) molecule, generated from CD3 and CD123 antibodies, were described in AML. 18 SL-401 is a recombinant fusion protein consisting of human IL-3 and truncated diphtheria toxin, previously reported to be active in CD123 + neoplasms. 19, 20 The IL-3 domain dictates the specificity for CD123 expressing cells, and the catalytic unit of diphtheria toxin upon internalization inhibits the translational machinery to initiate cell death. Although, most chemotherapy regimens are effective in eradicating tumor bulk in the periphery, progenitor tumor cells in the marrow are less exposed to treatments and receive protective support from the niche. Bone marrow stromal cells are a part of the bone marrow microenvironment and play an important role in the proliferation of AML by offering various forms of protection mediated through soluble factors and contact-dependent survival signals to leukemic cells. [21] [22] [23] [24] Co-culturing of AML cells on human bone marrow stromal cell line HS-5 monolayers increases proliferation, viability, and colony formation of the AML cells, while diminishing chemotherapy-induced apoptosis. 25 Furthermore, bone marrow-derived mesenchymal stromal cells (MSC) from AML patients exhibit overlapping as well as distinct cytogenetic abnormalities versus AML blasts and provide a conducive cytokine and growth milieu for leukemia cells. 24, 26 Therefore, it is critical to assess potential AML therapies in the context of the bone marrow microenvironment with autologous MSCs, which might be unique for each patient. In the present study, we report the potent activity of SL-401 in CD123 expressing primary AML blasts and MDS samples and its relation to CD123 levels. We also show in vitro studies of SL-401 when AML cells are co-cultured with MSCs and in vivo studies using patient derived xenograft (PDX) mouse models.
Whether CD123 is sufficiently specific for leukemic stem cells is controversial. We show here definitively that CD123 targeted SL-401 is cytotoxic to both normal cord blood-derived hematopoietic stem cells and CD123 + blasts in AML and MDS. These findings suggest that CD123 targeting may cause pancytopenia as a consequence of ontarget off-tumor effects and have translational relevance for use of CD123 targeting as a "bridge to transplant" in AML and MDS. Whether MDS may be less likely to develop on-target and off-tumor side effects is being explored in combination studies of SL-401 and hypomethylating agents in early phase clinical trials (clinicaltrials.gov identifier 03113643).
Methods

Cells
AML cell lines, MV4-11 and MOLM-13 were obtained from DSMZ in 2015, confirmed to have FLT3-ITD mutation by DNA sequencing, and routinely tested for mycoplasma using MycoAlert™ Mycoplasma Detection Kit (Lonza). Primary AML and MDS cells were obtained from patient apheresis products or bone marrow aspirates following written informed consent under an institutional review board (IRB) approved protocol, according to the Declaration of Helsinki. Umbilical cord blood samples were received through the Leukemia tissue bank and collected under an IRB-approved protocol. AML primary cells were cultured in RPMI 1640 (Life Technologies, Grand Island, NY) with 10-20% fetal bovine serum (FBS) (Sigma-Aldrich, St Louis, MO); 2mM L-glutamine; penicillin (100 U/ml); streptomycin (100 μg/ml) (Life Technologies) and supplemented with 10ng/ml GM-CSF and SCF (R&D Systems) overnight before treatment with SL-401. MDS samples were cultured similarly, with additional IL-3 (10ng/ml; R&D Systems). AML subtype and mutational characteristics of AML patient samples used in this study are listed in Online Supplementary Table S1 .
Bone marrow-derived mesenchymal stromal cell expansion
For AML-stromal cell co-culture experiments, AML cells were cultured in RPMI 1640 base medium with 10% FBS without any growth factors on the monolayer of the HS-5 human fibroblast cell line expressing green fluorescent protein (GFP) or with autologous mesenchymal stromal cells (MSC) derived from bone marrow of AML patients. To derive MSC for each AML, bone marrow cells were incubated for 24-36 hours in DMEM (Life Technologies) with 10% FBS and antibiotics. The plastic-adherent, elongated spindle-to stellate-shaped cells were expanded following aspiration of non-adherent cells and weekly exchange of media and passaging when confluent. MSC in passage 3 or 4 were trypsinized and stained for CD45, CD73, CD90 and CD105 with a viability stain and assessed via flow cytometry for purity. 
Chemicals and reagents
Cell viability and staining
Apoptosis was measured by annexin-V-FITC and propidium iodide as described previously. 27 For co-culture experiments, stromal cells were gated out based on GFP + for HS-5 and CFSE + for MSC, and the viability of leukemic cells was determined by annexin-V PE and 7-AAD staining. Cell counts were measured using a Tali cytometer (Invitrogen) according to the manufacturer's instruction. LIVE/DEAD stain (Invitrogen) was used in combination with surface markers for gating live cells in flow cytometric experiments. CD123 Molecules of Equivalent Soluble Fluorochrome (MESF) on AML cells was calculated using Quantum™ MESF microsphere kit (Bangs Laboratories, Fishers, IN) and CD123 antibody (Clone: SSDCLY107D2; Beckman Coulter) after establishing calibration curve for each experiment per the manufacturer's instructions. These CD123-MESF experiments were performed at the OSU Wexner Medical Center Clinical Cytometry Facility. Flow cytometric data were analyzed using Kaluza software (Beckman-Coulter).
AML Patient-Derived Xenograft (PDX) models
Animal experiments were performed under a protocol approved by the OSU Institutional Animal Care and Use Committee (IACUC) in NRG-SGM3 (NRGS) mice. Detailed in Online Supplementary Methods.
Statistics
Detailed in Online Supplementary Methods.
Results
AML cells express varying levels of CD123 and are sensitive to SL-401
While more than 80% of AML cases show CD123 expression on blasts, 28 the levels of expression are variable. Therefore, we tested the cell surface expression of CD123 on primary AML blasts. As expected, CD123 was found on the majority of AML samples tested (Table 1 , and Online Supplementary Figure S1 ). Rarely, CD33-/CD123 + AML cell populations were also observed (Online Supplementary Figure S2A ). SL-401 induced potent cytotoxicity on AML primary cells as seen by dose-dependent reduction in viability of AML cells ( Figure 1A ) and absolute cell numbers (Online Supplementary Figure S2B ). The clonogenicity of AML samples was also significantly reduced by SL-401 as seen in colony forming assays ( Figure 1B ). We next determined if the activity of SL-401 was diminished in the presence of IL-3. In AML cell cultures containing 10ng/ml IL-3, a concentration > 100 fold of physiological levels, SL-401 was effective in inducing cytotoxicity and reducing the cell counts (Online Supplementary Figure S2 B-C). However, SL-401 (100ng/ml) cytotoxicity was inhibited by IL-3 in dose dependent manner, especially at doses >1000 fold of physiological levels, proving target specificity (Online Supplementary Figure S2D ). Blasts derived from high-risk FLT3-ITD mutated AML often express high levels of CD123, 28 so we next tested the activity of SL-401 on AML primary cells and cell lines with this mutation. Importantly, high risk FLT3-ITD + AML tend to express similar or higher than median CD123-MESF (22825) and responded to SL-401 ( Figure 1C ). The FLT3-ITD + AML cell lines MV4-11 and MOLM-13 express CD123 with other myeloid markers CD45, CD33 ( Figure 1D ) and SL-401 strongly inhibited the growth of these cell lines (P<0.0001 for dose trends of MOLM-13 and MV4-11) ( Figure 1E ). However, SL-401 did not induce cytotoxicity in CD123 cell line K562 proving target specificity (Online Supplementary Figure S3A) . Interestingly, cell density did not affect cytotoxicity in CD123 + MV4-11 cells (Online Supplementary Figure S3B ).
SL-401 overcomes autologous stromal cell protection in co-cultures
As AML cells and their progenitors derive growth and survival support from the bone marrow stromal cells and microenvironment, 22, 23 we evaluated the effect of stromal protection on SL-401-induced cytotoxicity. Although MV4-11 cells did not receive additional protection, the protective effect of stromal HS-5 on MOLM-13 and AML cells was reduced by SL-401 treatment (Figure 2 A-B) . We next tested the effect of SL-401 on AML cells cultured on primary autologous bone marrow stromal cells from AML patients. For this purpose, we derived MSC from individual AML patient marrow samples. MSCs grown in flasks exhibited stellate-to spindle-shaped large cells and were adherent. Purity and phenotype were confirmed by multicolor flow cytometry (Online Supplementary Figure S4A) . Importantly, SL-401 was able to reduce the growth of AML regardless of culture with autologous MSC ( Figure  2C and Online Supplementary Figure S4B ).
Low levels of CD123 are sufficient for SL-401 mediated cytotoxicity
Although earlier studies utilizing variant/wild type IL-3-diphtheria toxin have reported direct correlation of cytotoxicity to the levels of IL-3R subunits, the clinical trials have shown intriguing results with lack of correlation between pharmacokinetics and pharmacodynamics. 19, 20, [29] [30] [31] [32] [33] [34] To study this relationship between SL-401 and its target, we compared the sensitivity of AML cells to SL-401 vs. their expression of CD123. As shown in Figure 3A , there was no significant correlation between the relative viability of AML samples treated with SL-401 for 48 hours with their CD123 expression (CD123-MESF on AML cells). Interestingly, AML cells expressing as few as 10,000 CD123 molecules were still sensitive to SL-401-mediated cytotoxicity. As leukemic cells can acquire resistance through target down regulation during the course of treatment, we sought to determine if SL-401 modulated cell surface CD123 levels after exposure. Although SL-401 treated samples had slightly reduced CD123 (CD123 .001), it should be noted that a proportion of the leukemic cells were killed at this time point and CD123 levels were calculated from the viable cells. Moreover, the leukemic cells still maintained CD123 expression >10,000 MESF ( Figure 3B ) and showed further decrease in viability at 48 hr (same samples as in Figure 1A ). Together, these data suggest a lack of an SL-401 escape mechanism for malignant cells via target down-modulation.
Effects of SL-401 on normal CD123 + cells derived from cord blood
To further assess the effect of SL-401 on normal CD123 + cells, we selected CD34 + cells from umbilical cord blood samples. Cord blood derived CD34 + cells expressed dim to high expression of CD123 ( Figure 3C ). In long-term cultures using semisolid methylcellulose media and myeloid growth factors, SL-401 completely abrogated myeloid colonies suggesting that SL-401 can compromise hematopoiesis of normal CD34 + cells ( Figure 3C and Online Supplementary Figure S5A) . Moreover, in short-term liquid culture of cord blood samples, SL-401 mediated moderate toxicity of CD34 + cells ( Figure 3D ). This was also confirmed using CD34 
Blasts from high risk MDS express CD123 and are sensitive to SL-401
As SL-401 exhibited cytotoxic effects in AML blasts expressing low levels of CD123, we evaluated if SL-401 is active in high-risk MDS, where blasts % is < 20%. We first tested CD123 expression in MDS with refractory anemia and excess blasts (RAEB)/ (MDS-EB) samples by flow cytometry. The majority of these samples (6/7) tested positive for CD123 expression, as determined by MFI. Importantly, CD123 + MDS blasts were sensitive to SL-401 mediated cytotoxicity, while CD123 -lymphoid cells in the same cultures were spared (Figure 4 A-B and Online Supplementary Figure S6 ).
SL-401 prolongs survival in AML PDX model
To demonstrate the therapeutic effect of SL-401 in vivo, we used AML patient-derived xenograft (PDX) models. As described in the methods, cells from CD123 + AML haematologica | 2018; 103(8) Figure 2 . SL-401 is active despite the presence of stroma in co-cultures. (A-B) Anti-leukemic activity of SL-401 in AML-HS5 stromal co-cultures. Cell lines (0.25x10 6 /ml) (A) or patient-derived AML blasts (1x10 6 /ml) (N=7) (B) were seeded onto pre-cultured GFP + HS5 stromal cells and treated with vehicle or SL-401 (100 ng/ml; 1 μg/ml). Viable AML cell counts were measured at 48 hr by annexin-V-PE and 7-AAD staining after exclusion of GFP + stromal cells. (C) SL-401 abrogates AML growth in autologous bone marrow-derived MSC co-cultures. AML cells were seeded onto CFSE-labeled marrow-derived autologous MSC and cultured with varying concentration of SL-401 for 120 hrs. Viability and cell counts were measured using a flow cytometric panel after staining with annexin-V-PE, 7-AAD and adding Countbrite beads (N=6; protective effect of MSC P=0.0107). Presence of MSC had no significant inhibitory effect on drug (P=0.7297, SL-401 100 ng/ml ± MSC).
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patients (n=3) pre-tested for engraftment potential were used to engraft NRGS mice (one AML donor per mouse) and randomized to treatment cohorts. Despite the selection of patient samples containing a high percentage of CD123 + AML cells (Online Supplementary Figure S7) , we initially encountered T-cell expansion in vivo due to contaminating T cells in our preliminary studies (data not shown). We therefore tested the effect of anti-CD3 antibody (OKT3) on AML cultures in vitro in ablating T cells, and confirmed that OKT3 reduced both absolute T-cell numbers and CD3 expression (data not shown). Engraftment of AML was confirmed in the peripheral blood of mice by week 4. Treatment of (AML 28/AML29) xenografted mice with SL-401 significantly increased survival compared to the vehicle control ( Figure 5A ). In the absence of busulfan preconditioning (AML 30), the development of AML was delayed and the mouse reached removal criteria at 102 days after engraftment (versus with busulfan 48days; data not shown). In this group, SL-401 treatment increased the survival time in the treated mouse (survival: vehicle, 102 days; SL401, 154 days; not shown). Figure 5B ). The presence of AML in the animals was confirmed in spleen, bone marrow and blood using a multi-color flow cytometric panel (CD45 /CD33/CD34/CD123/CD19/CD3/HLA-DR/murineCD45 /viability stain) and CD123 expression was found to be maintained in vivo in engrafted mice ( Figure 5C and Online Supplementary Figure S8-S9) .
Discussion
Relapse-free survival is low in AML and MDS in the absence of allogeneic hematopoietic stem cell transplantation. Current therapies, even if targeted for specific subtypes and mutational groups, provide only transient remissions, likely due in part to persistent stem cells. 3 The expression of CD123, the alpha chain of IL-3 receptor, is haematologica | 2018; 103(8) limited to a sub-population of normal stem cells, few lymphoid progenitors, basophils and AML LSCs. [35] [36] [37] Moreover, blasts in about 10% of AML cases express CD123 without concurrent CD33 expression, and overall about 80% of AML patients express CD123. 
CD123
+ population is increased in AML patients at relapse. 37 While favorable and intermediate risk AML subtypes have comparable levels of CD123 expression, high-risk AML sub-groups harboring a FLT3-ITD mutation tend to have higher CD123 expression. 38 It was recently shown that CD123 targeted chimeric antigen receptor (CAR) T-cell therapy leads to myeloablation in primary AML xenografts. 16 Therefore, CD123 serves as an important target for treating AML.
Here, we have shown that AML cells express varying levels of cell surface CD123. Importantly, we show that SL-401 is potent in killing AML cells that express even low levels of CD123 and activity of SL-401 is not dependent on surface density of CD123. Earlier reports have used IL-3 or variant IL-3-fused toxins to investigate the CD123 targeted killing of leukemic cells. [29] [30] [31] [32] [33] [34] These studies did not include a detailed analysis on AML cell survival or activity using in vivo PDX survival models. Previous studies involving IL-3-protein-toxin have used fluorescence intensities or transcript levels to compare the CD123 expression on different cell types and colony forming ability of AML as a prime read out. To control for variability between experiments, we used microspheres with a standardized fluorochrome to derive the CD123-MESF, thus minimizing variations due to instrument or time points. In our study, we saw no correlation between CD123-MESF and sensitivity to SL-401 cytotoxicity. It is important to note that the previous studies utilized a different clone of antibody, assay for receptor subunits, AML culture methods and cytotoxicity assays and end points. The use of high serum containing medium to culture AML in our studies may have affected CD123 expression less likely (Online Supplementary Figure S10 ) and possible induction of LSC differentiation.
The fact that AMLs expressing less than 10,000 CD123-MESF are sensitive to SL-401 underscores the potency of this agent. This is corroborated by a clinical trial with SL-401 that showed no correlation between robust responses and SL-401 pharmacokinetics. 19, 20 Interestingly, SL-401 mediated cytotoxicity in the presence of exogenous IL-3 (10ng/ml) in in vitro AML/MDS cultures. We think this Activity of SL-401 in AML and MDS haematologica | 2018; 103 (8) 1295 
CD38
-cells with SL-401 suggests that SL-401 can impact normal stem cells and myeloid progenitors. These findings suggest that SL-401 could be used to target leukemic progenitors and decrease leukemic burden with potential use as a "bridge-to-transplant" before allogeneic hematopoietic cell transplantation. 39 These results are consistent with previous studies showing reduction in normal hematopoiesis when CD123-targeted CAR-T cells were used in mouse models. 16 Bone marrow MSC play a critical role in leukemic cell survival and drug resistance. Recently, bone marrowderived MSC from primary AML samples were used to establish faithful PDX models by coating ossicle/bioscaffold with MSC before inoculation into the mice by investigators. [40] [41] [42] We therefore evaluated SL-401 in AML co-cultures using HS5 stromal cell lines and autologous MSC derived from bone marrow aspirates. Despite variabilities and inconsistencies in culturing patient marrow-derived MSCs, we were able to successfully propagate six AML MSC and co-cultured AML blasts on these monolayers. This method accounts for the unique MSC cytogenetic/mutational aberration-dependent survival of AML blasts. Despite this MSC protection, SL-401 retained its activity, supporting its therapeutic potential in patients.
MDS are a group of myeloid disorders characterized by dysplastic changes in the bone marrow and peripheral cytopenias, which are manifestations of ineffective hematopoiesis.6 The MDS-RAEB / MDS-EB groups represent high risk MDS and often show high levels of CD34 + cells. Thus, we interrogated the expression of CD123 in these groups. Almost all MDS samples tested (6/7) were positive for CD123 expression. Due to limited number of cells, we did not perform CD123 MESF analysis on MDS samples. However, MDS blasts responded to SL-401 as shown by decreases in both the blast percentage and the absolute count. Moreover, we showed that SL-401 reduced the numbers of CD123 + myeloid cells but not CD123 -lymphoid cells in long-term cultures, supporting the selectivity of SL-401.
Our evaluation of SL-401 in mice engrafted with primary AML cells is particularly relevant to the therapeutic potential of this agent in AML. Although difficult to establish, AML PDX models capture the patient heterogeneity and genomic landscape of patients and form an important tool for evaluation of therapies. 43 Consistent with previously described variability in engraftment capabilities of primary AML samples, only 3 of 7 AML samples engrafted successfully in NRGS mice, although the inclusion of busulfan as conditioning regimen allowed accelerated leukemic engraftment. Recently it was shown that inclusion of OKT3 either in in vitro cultures or in mice prevented T-cell mediated GvHD and improved human hematopoietic cell engraftment. Thus, for our in vivo studies, we cultured AML with growth factors and OKT3 prior to engraftment to eliminate CD3 + cells. SL-401 treated mice had significantly longer mean survival compared to the vehicle-treated controls. However, there was no difference in the proportion of human leukemic cells in the spleen, bone marrow or peripheral blood of mice treated with vehicle and SL-401 at end points in the survival study, presumably due to discontinuation of treatment in SL-401 group and repopulation of leukemic cells in subsequent accruing days and late time points the SL-401 group mice died. To assess the effect of SL-401 on tumor burden, we designed another study using same AML donors, but sacrificed both the groups on week 7 where we found that SL-401 treated mice had reduced human AML cells in marrow.
A first-in-human clinical trial with SL-401 in patients with blastic plasmacytoid dendritic cell neoplasm (BPDCN) noted that patients' humoral immune responses against SL-401 limited the treatment cycles. 20 However, in myeloid neoplasms where memory immune responses are poor, this is less likely to be a limitation. Furthermore, SL-401 is not a substrate of any known drug efflux pumps, making resistance due to this mechanism unlikely. 44 Capillary leak syndrome is a known, severe side effect of SL-401 and needs to be managed for successful utilization of this agent in MDS and AML.
Together, these data indicate that SL-401 is active against CD123 + AML/MDS and normal hematopoietic progenitors. These findings have translational relevance in regards to management of potential side effects such as marrow aplasia. This agent is currently being evaluated in a Phase 2 trial of AML patients in remission with minimal residual disease, a setting associated with the persistence of CD123 + LSCs (clinicaltrials.gov identifier 02270463) and a phase I trial of azacitidine and SL-401 in MDS (clinicaltrials.gov identifier 03113643).
